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I .  INTRODUCTION 


The  wide  interest  in  the  fundamental  and  applied  properties  of  M0S2  is 
mainly  due  to  its  two-dimensional,  layered  structure.  This  anisotropy  is 
associated  with  the  exceptional  inertness  of  the  MoS2(0001)  -1  x  1  surface. 
Bombardment  of  the  MoS2(0001)  surface  with  noble  gas  ions  in  order  to 
increase  surface  reactivity  has  been  well  studied  [1-7].  These  investiga¬ 
tions  are  discussed  in  relation  to  their  application  to  lubrication  and 
catalysis  elsewhere  [1,^,7]. 

Most  of  the  studies  involving  ion  bombardment  (IB)  of  M0S2  have  used 
Ar"*”  of  varying  energies  as  the  incident  ion.  However,  Davis  and  Carver  [6] 
recently  studied  bombardment  of  the  MoS2{0001)  surface  with  1-keV  Ne'*’  ions. 
Using  ion  scattering  spectroscopy  (ISS),  they  found  sn  approximately  linear 
correlation  between  the  reduction  in  the  S/Mo  ratio  and  the  amount  of 
oxygen  that  could  be  chemisorbed  on  the  surface.  They  concluded  that  this 
was  due  to  the  creation  of  S  surface  vacancies  for  fluences  of  10^^- 10^^ 
Ne^/cm^.  Also  in  that  study,  it  was  found  that  Ne'*’  bombardment  did  not 
produce  any  metallic  Mo  as  determined  by  x-ray  photoelectron  spectroscopy 
(XPS).  The  only  effect  of  ion  bombardment  on  the  Mo-3d  doublet  was  to 
broaden  it  slightly.  There  were  no  apparent  Mo  or  S  peak  shifts,  even  for 
ion  doses  of  -  1  x  10^®  Ne'*‘/cm^.  In  a  subsequent  study  [8],  Davis  and 
Carver  found  that  bombardment  did  produce  shifting  of  the  core  level  peaks 
to  lower  binding  energy  and  peak  broadening,  similar  to  effects  observed 
for  10-keV  Ar'*'  [1].  In  order  to  determine  whether  this  behavior  is  due  to 
band-bending  and  inhomogeneous  broadening  [1]  or,  rather,  to  production  of 
reduced  molybdenum  species,  it  is  necessary  to  investigate  the  noble-gas- 
ion  bombardment  of  the  MoS2(0001)  surface  in  greater  detail,  i.e.,  with 
instrumentation  that  has  greater  resolution  and  surface  sensitivity. 

Photoelectron  spectroscopy  that  uses  synchrotron  radiation  as  the 
excitation  source  is  ideal  for  determining  how  low-energy  ion  bombardment 
affects  the  chemical  state  at  the  surface  region.  The  ability  to  tune  the 
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photon  energy  allows  one  to  ensure  that  the  kinetic  energies  of  core  level 
photoelectrons  resulting  from  different  species  in  the  material  are  the 
same.  Therefore,  the  same  depth  may  be  probed  for  all  species  studied  in 
the  experiment.  In  addition,  the  spectra  may  be  repeated  with  higher  or 
lower  electron  kinetic  energies  in  order  to  determine  how  the  relative 
amounts  of  the  chemical  species  change  with  the  depth  probed.  This  can 
result  in  a  qualitative  "depth  distribution"  of  the  various  chemical 
species  in  the  surface  region.  The  purpose  of  the  present  study  is  to 
utilize  synchrotron  radiation,  in  conjunction  with  a  high-resolution 
electron  energy  analyzer,  to  resolve  current  controversy  on  the  effect  of 
bombardment  of  the  MoS2(0001)  surface  with  low-energy  Ne"*"  ions  and,  in 
general,  to  Investigate  the  chemical  effects  of  ion  bombardment  in  greater 
detail  than  has  heretofore  been  attempted. 
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II.  EXPERIMENTAL 


The  present  study  was  performed  at  beam  line  U8-B  at  the  National 
Synchrotron  Light  Source  at  Brookhaven  National  Laboratories.  Clean  basal 
plcine  surfaces  were  produced  by  cleavage  of  natural  molybdenite  crystals 
(supplied  by  Ward's  Natural  Science  Establishment,  Rochester,  NY).  The 
crystals  were  cleaved  in  air  and  mounted  on  a  sample  holder  such  that  their 
edges  were  held  between  two  Ta  clips  for  heating  in  vacuum.  The  samples 
could  be  introduced  into  the  preparation  and  spectrometer  system  through  a 
load  lock.  The  preparation  chamber  (~  1  x  10“^*^  Torr  base  pressure)  was 
equipped  with  a  Microscience  rear-view  low-energy  electron  diffraction 
(LEED)  system  and  a*Physical  Electronics  ion  bombardment  gun.  The  sample 
preparation  chamber  was  connected  to  the  spectrometer  chamber  (-  3  x  10”^^ 
Torr  base  pressure),  so  that  the  sample  could  be  maintained  under  ultrahigh 
vacuum  (UHV)  conditions  during  transfer  between  ion-bombardment  and 
analysis  steps. 

After  Installing  samples  in  the  sample  preparation  chamber,  they  were 
heated  to  -  750  K  for  10  min  to  driye  off  adsorbed  hydrocarbons  (air- 
cleaved  samples  typically  have  ~  0.2  monolayers  (ML)  of  hydrocarbons  physi- 
sorbed  on  their  surface,  with  no  measurable  oxygen-containing  species  [1]). 
This  annealing  procedure  is  known  to  remove  virtually  all  contamination 
from  the  surface  without  formation  of  defects  [9,10].  Photoemission  showed 
no  evidence  of  either  carbon,  oxygen,  or  other  impurities  on  the  sample 
after  the  anneal,  while  LEED  showed  good  quality  (0001)  -1  x  1  patterns. 

Ne'*'  (and  Ar*^)  ion  bombardment  was  accomplished  by  valving  off  the  ion 
pump,  backfilling  the  chamber  with  -  2  x  10”^  Torr  of  the  gas  (Research 
grade:  99.999)1  purity)  and  cycling  the  titanium  sublimation  pump.  The  Ne 
gas  was  passed  through  a  bent  copper  tube  imnersed  in  liquid  nitrogen  in 
order  to  condense  water  and  other  background  gases  prior  to  leaking  it  into 
the  chamber.  The  ion  bombardment  was  performed  at  an  energy  of  1  keV  and 
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with  current  densities  of  0.1  -  1.0  pA/cm  .  The  incident  ion  beam  direc¬ 
tion  was  located  ~  5°  off  of  the  sample  surface  normal  (the  azimuth  of  this 
misorientation  was  not  known).  The  current  density  was  made  to  vary  less 
than  10%  over  the  sample  surface  by  defocusing  the  ion  beam  and  mapping  out 
the  angular  distribution  of  the  ions.  The  ion  current  density  was  measured 
by  assuming  a  ~  0.25-cm  sample  surface  area  and  by  measuring  the  current 
hitting  the  sample.  In  calculating  the  ion  fluence,  it  was  assumed  that 
the  emission  of  secondary  electrons  was  smaller  than  1  electron  per  inci¬ 
dent  ion  for  this  material  and  ion  energy  [11].  These  considerations 
aside,  it  is  assumed  that  the  calculated  ion  fluences  cannot  be  accurate  to 
better  than  a  factor  of  about  2,  although  the  precision  is  probably  better 
than  -  10%.  , 

The  energy  of  the  synchrotron  light  was  tuned  using  a  10-m  toroidal 
grating  monochromator  (described  previously  [12]),  employing  a  grating 
whose  energy  width  and  photon  intensity  were  optimum  for  the  range  of 
photon  energies  used  in  this  study.  An  ellipsoidal  mirror  analyzer  that  was 
used  in  an  angle-integrated  mode  (described  in  Ref.  13)  was  used  to  collect 
the  electron  energy  distribution  curves  for  both  core  level  and  valence 
band  spectra.  The  instrument  resolution  is  demonstrated  by  the  nearly 
complete  separation  of  the  J  =  1/2  and  J  =  3/2  components  of  the  S-2p 
doublet  for  the  cleaved  MoS2(0001)  surface  in  Fig.  If  (page  15).  The 
instrumental  resolution  was  estimated  to  be  0.3  eV,  O-.^  eV,  and  0.5  eV  at 
photon  energies  of  230  eV,  300-330  eV,  and  400  eV,  respectively.  The  S-2p 
core  levels  were  collected  for  hv  =  230  and  330  eV,  while  the  Mo-3d  core 
levels  were  collected  for  hv  =  300  and  400  eV.  The  low-and  high-photon 
energy  excitations  for  each  species  correspond  to  ~  70-eV  and  ~  170-eV 
electron  kinetic  energy,  respectively.  This  ensured  that  the  same  escape 
depth  was  used  for  sampling  both  the  S  and  the  Mo,  while  the  use  of  two 
different  electron  kinetic  energies  for  each  pair  of  S/Mo  core  levels 
resulted  in  the  ability  to  perform  a  qualitative  "depth  profile"  of  the 
chemical  species  present  within  the  top  10-15  A  of  the  surface  region, 
since  ~  70-  and~170-eV  electrons  are  estimated  to  correspond  to  an 
inelastic  mean  free  path  (IMFP)  of  -  3.5  and  -  6  A  ,  respectively  [14]. 
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The  relative  intensity  of  the  monochromatized  synchrotron  radiation 
was  determined  by  measuring  the  total  current  resulting  from  the  electron 
emission  from  the  (carbon  contaminated)  Au-coated  final  focusing  mirror 
with  an  electrometer.  The  spectra  were  normalized  by  dividing  the  photo¬ 
electron  current  by  the  photon  intensity  determined  in  this  manner  in  order 
to  cancel  the  effects  of  variation  in  the  beam  current.  Although  the 
normalization  was  adequate  for  correcting  for  these  small  relative  changes 
during  the  collection  of  one  spectrum,  it  was  not  considered  accurate 
enough  to  allow  comparison  in  the  changes  of  relative  intensities  between 
spectra  of  two  different  core  levels.  Therefore,  the  present  study  did  not 
determine  the  change  in  the  S:Mo  ratio.  However,  previous  studies  using 
XPS  [1,2]  and  Auger  electron  spectroscopy  (AES)  [2,4,5]  have  shown  that 
this  ratio  drops  by  a  factor  of  as  much  as  2.5  in  the  surface  region 
(top  -  5-15  A)  for  both  Ar"*"  and  Ne'*’  bombardment  and  for  ion  fluences 
of  ~  1x10^^  Ne'*‘/cm^,  although  relatively  little  depletion  occurs  for 
bombardments  less  than  -  1  xIO^^  Ne'*’/cm^. 

Core  level  spectra,  in  addition  to  having  good  resolution,  exhibited 
good  signal -to -noise  characteristics  and,  therefore,  were  very  amenable  to 
peak-fitting.  The  spectra  were  fitted  on  a  VAX  11/780  computer  using  a 
fitting  program  based  on  Bevington's  CURFIT  [15].  The  functional  form  used 
for  the  fits  consisted  of  Voigt  functions  approximated  by  Gaussian  quadra¬ 
ture.  The  background  was  approximated  by  a  combination  of  an  "S-shaped 
curve"  [16]  and  a  straight  line  with  variable  slope.  For  fitting  the  Mo-3d 
doublet,  the  peak  separation  and  the  relative  area  ratio  for  the  5/2  and 
3/2  spin-orbit  components  were  constrained  to  be  3.14  eV  and  1.43,  respec¬ 
tively,  while  the  corresponding  constraints  for  the  S-2p  3/2  and  1/2  spin- 
orbit  components  were  1.19  eV  and  2.01. 
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III.  RESULTS  AND  DISCUSSION 


A.  CORE  LEVEL  RESULTS 

Mo-3d  and  S-2p  core  level  photoelectron  spectra  of  a  cleaved 
MoS2(0001)-1  X  1  surface,  taken  with  an  electron  kinetic  energy  of  ~  70  eV 
after  various  stages  of  Ne'*’  bombardment,  are  shown  in  Fig.  1  (page  15). 

All  spectra  are  similar  to  spectra  taken  for  a  sample  bombarded  by  Ar"*” 
ions,  reported  elsewhere  (3J. 

The  spectra  were  fit  using  the  procedure  described  above.  The  S-2s 
singlet  coincidentally  appears  at  a  binding  energy  (BE)  ~  1.8  eV  lower  than 
that  for  the  Mo-3d5/2  doublet  and  is  also  included  in  the  fit.  If  the 
Lorentzian  widths  of  the  peaks  were  constrained  to  be  equal  to  the  values 
for  the  unbombarded  surface,  then  fits  of  fair  quality  could  only  be 
obtained  by  using  four  spin-orbit  split  doublets  for  each  of  the  Mo-3d  and 
S-2p  spectra.  It  was  found  that  much  higher  quality  fits  could  be  obtained 
by  allowing  the  Lorentzian  widths  to  vary  in  addition  to  the  Gaussian 
widths,  and  by  using  only  two  doublets  for  the  Mo-3d  spectra  and  two 
doublets  for  the  S-2p  spectra  (except  for  the  M  *  10^^  Ne'*'/cm^  case,  which 
required  at  least  three  doublets).  The  change  in  the  Lorentzian  widths  can 
be  explained  by  final  state  relaxation  effects  as  the  crystallinity  of  the 
surface  region  changes  with  ion  bombardment.  The  results  of  peak  fitting 
are  superimposed  over  the  spectra,  while  the  deconvolution  into  individual 
peaks  is  shown  below  the  data. 

With  initial  Ne'*'  bombardment  of  4  x  10^^  Ne'''/cm^,  the  Mo-3d  spectrum 
(Fig.  1b)  shows  the  appearance  of  a  species  at  -0.6  eV  lower  BE  than  for 
the  Mo(IV)-MoS2  species  that  represents  the  appearance  of  a  reduced  Mo 
species  in  the  surface  region.  The  relative  intensity  of  this  species 
appears  to  drop  slightly  for  2  x  10^^  Ne''’/cm^  (Fig.  1c),  and  then  increases 
greatly  for  1  x  10^^  Ne'*'/cm^  (Fig.  Id).  For  the  highest  fluence  (Fig.  1e), 
this  species  represents  the  predominant  Mo  species  at  the  surface  region. 

In  addition,  the  binding  energy  shift  increases  from  0.6  eV  to  0.8  eV  from 
the  lowest  to  the  highest  fluence  (Table  I,  page  16). 


These  results  clarify  a  previous  study  in  which  ion  bombardment  of  the 
MoS2(0001)  surface  was  studied  with  XPS  at  lower  resolution  than  in  the 
present  study,  and  these  two  species  were  not  resolved  [1].  The  conclusion 
from  that  study  was  that  ion  bombardment  with  10-keV  Ar'*'  ions  caused 
changes  that  resulted  in  downward  band-bending  of  -  0.8  eV  at  the  surface. 
This  conclusion  is  probably  in  error,  since  our  higher  resolution  results 
show  that  the  Mo(IV)  doublet  does  not  shift  greatly,  but  reduces  in 
intensity  relative  to  the  lower  BE  Mo-3d  doublet.  Even  though  10-keV  Ar"*" 
ions  were  used  in  that  study,  this  is  still  in  the  energy  range  in  which 
the  sputtering  mechanism  would  be  expected  to  be  similar;  also  observed  was 
the  presence  of  the  reduced  Mo  species  with  1-keV  Ar"*"  ions  [3].  In  a 
preliminary  study,  we  have  used  a  nonmonochromatized  Mg-K(a)  source  to 
study  1-keV  Ne‘*‘  bombardment  of  MoS2(0001)  (essentially  the  same  conditions 
as  in  Ref.  6).  The  results  for  a  ~  10^^  Ne'*'/cm^  bombardment  are  very 
similar  to  those  in  Ref.  1 ,  showing  that  most  of  the  Mo  is  in  the  form  of 
the  reduced  species  (-  0.6-eV  shift  of  the  Mo-3d5/2  lower  BE). 

The  origin  of  the  reduced  Mo  species  is  not  immediately  clear.  The  BE 
shift  (-  0.7  eV)  between  the  two  Mo  species  is  too  small  for  bulk  Mo  metal 
{Mo(MoS2)  “  Mo(metal)  =  1.1  eV  [17],  while  the  shift  is  probably  too  large 
to  correspond  to  Mo(ni),  as  in  M02S2.  Determination  of  the  chemical  state 
of  the  Mo,  however,  is  dependent  on  analysis  of  the  changes  in  the  S-2p 
core  level. 

The  bombardment-produced  species  in  the  S-2p  doublet  do  not  correspond 
to  the  bombardment-produced  species  in  the  Mo-3d  doublet.  For  all  bombard¬ 
ment  levels  except  for  the  highest  one  (4  x  10^^  Ne*/cm^),  the  major  sulfur 
species  apfiears  to  be  the  S(2-)  in  M0S2.  For  the  2  x  10^^  and  1  x  10^^ 
bombardments,  a  small,  hlgher-BE  species  appears  whose  area  represents 
only  -  2%  and  -  (respectively)  of  that  for  the  S(2-)  species.  For  these 
same  fluences,  the  area  of  the  lower-BE  Mo  species  is  -  and  -  120)1  of 
the  Mo(IV)  species.  This  observation,  along  with  the  fact  that  S  is 
depleted  in  the  surface  region  [2,3],  suggests  that  the  lower-BE  Mo  species 
is  not  associated  chemically  with  any  sulfur  species.  Therefore,  the 
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lower-BE  Mo  species  does  not  occur  as  a  result  of  compound  formation  with 
sulfur . 

A  probable  interpretation  of  these  results  is  that  some  of  the  Mo  from 
the  M0S2  is  being  implanted  into  the  crystal  (~  10  A  deep)  and  forming 
small  amounts  of  zero-valent  Mo,  or  *'Mo(0)."  The  binding  energy  for  the 
Mo(0)  is  too  high  for  metallic  Mo(0),  suggesting  that  it  is  present  as  very 
small  aggregates  of  Mo,  probably  consisting  of  no  more  than  one  or  a  few 
atoms,  dispersed  in  the  M0S2  matrix.  The  small  size  of  these  aggregates  can 
result  in  final  state  effects  [18],  possibly  explaining  the  smaller-than- 
expected  shift  between  the  Mo(0)  and  the  Mo(IV)  doublets.  Extra-atomic 
relaxation  (l.e.,  neutralization  of  the  charged  species  produced  by  photo- 
emission)  can  occur  slowly  in  small  metal  clusters  when  adsorbed  on  or 
Included  in  materials  with  low  conductivity.  This  results  in  an  increase 
in  the  apparent  BE  relative  to  the  bulk  metal.  This  is  consistent  with  the 
decrease  in  BE  of  the  Mo(0)  doublet  by  about  0.2  eV  between  the  lowest  and 
the  highest  fluence  (see  Table  I),  which  indicates  that  the  average  size  of 
the  Mo(0)  aggregates  is  increasing  as  fluence  increases. 

As  mentioned  above,  the  evolution  of  the  S-2p  spectra  indicates  that 
little  change  in  the  chemical  state  of  the  S  occurs  for  fluences  <  1  x  10^^ 
Ne'*'/cm^.  In  fact,  for  <  2  x  10^^  Ne'*’/cm^,  the  Gaussian  width  virtually 
does  not  change  (Table  I,  page  16)  —  the  change  in  peak  shape  is  due  to 
the  change  in  the  Lorentzian  width  —  suggesting  that  there  is  little 
inhomogeneity  in  the  chemical  state  of  the  S.  A  possible  explanation  for 
the  change  in  the  Lorentzian  width  is  that  low  levels  of  ion  bombardment 
caused  vacancy  defect  formation,  resulting  in  changes  in  the  photoemission 
final  state  due  to  electronic  changes  in  the  surface  region. 

For  the  2  x  10^^  and  1  x  10^^  Ne'*'/cm^  bombardments,  there  is  a  small 
amount  of  an  S  species  that  has  a  BE  -  1.0  eV  higher  than  the  S(2-)  species 
(mentioned  above).  This  shift  is  approximately  that  expected  for  the 
creation  of  polysulfide  ion  [or  (S-S)^~)  [19].  This  shift  does  not  repre¬ 
sent  elemental  sulfur,  since  that  BE  is  -  0.8  eV  lower  than  in  the  present 
case  [17].  The  polysulfide  ions  may  be  produced  when  the  Mo  is  implanted 
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into  (or  sputtered  from)  the  lattice.  When  a  Mo  atom  is  removed  from  the 
M0S2  lattice,  it  leaves  three  neighboring  S  atoms  with  dangling  bonds, 
since  they  are  now  each  bonded  to  two  Mo  atoms  rather  than  three.  Two  of 
the  atoms  can  then  reconstruct  to  bond  to  each  other,  lowering  the  oxida- 

p 

tion  state  per  atom,  resulting  in  the  formation  of  (S-S)  species. 

For  the  highest  fluence,  i.e.,  M  x  10^^  Ne'*‘/cm^  (see  Fig.  1J),  a 
number  of  oxidation  states  of  S  are  produced.  The  resulting  S-2p  spectrum 
can  be  fit  fairly  well  by  three  doublets.  Although  it  was  decided  to  use 
three  doublets  to  fit  this  spectrum,  the  shape  of  the  S-2p  spectrum  indi¬ 
cates  the  existence  of  two  general  sulfur  states.  From  the  center  to  the 
high-BE  side  of  the  spectrum,  a  range  of  oxidation  states  exists  (repre¬ 
sented  by  the  two  higher  binding  energy  species).  Sulfur  with  a  single 
oxidation  state  on  the  low-BE  side  is  demonstrated  by  the  sharp  drop-off  on 
the  right  as  compared  to  the  left  side  of  the  spectrum.  A  reasonable 
estimate  of  the  identity  of  the  various  species  is  that  the  low-BE  material 
corresponds  to  sulfur  in  an  amorphous  Mo-S  region,  i.e,,  MoS2_3{>  where  x>0, 
while  the  range  to  higher  BE  corresponds  to  the  polysulfide  material 
discussed  above,  but  with  a  wide  range  of  bonding  states  to  various  Mo- 
containing  species  in  the  now  amorphized  surface  region. 

Fig.  1e  shows  that,  for  4  x  NeVcm^,  most  of  the  Mo  (-80%)  is  in 
the  form  of  Mo(0).  The  remaining  Mo  is  represented  by  a  broadened  doublet 
(see  gaussian  widths  in  Table  I)  that  is  shifted  -  0.3  eV  to  lower  BE  as 
compared  to  stoichiometric  M0S2.  This  indicates  that  an  amorphous  state 
consisting  of  MoS2_jj  has  been  produced  with  the  Mo,  on  the  average,  in  a 
somewhat  reduced  state. 

To  summarize  this  section,  1-keV  Ne"*"  bombardment  of  the  MoS2(0001) 
surface  produces  a  net  depletion  of  sulfur  in  the  surface  region,  while 
some  polysulfide  ion  and  increasingly  larger  amounts  of  Mo(0)  are 
produced.  The  remaining  material  consists  mostly  of  amorphous  M0S2  with 
varying  amounts  of  sulfur  vacancy  defects. 
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Fig.  1 
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Mo-3d  and  S-2p  Core  Level  Spectra  for  the  MoS2(0001)  Surface 
That  Had  Been  Bombarded  With  1-keV  Ne'*'  Ions.  Spectra  were 
taken  with  photon  energies  of  300  eV  and  230  eV,  respectively, 
which  resulted  in  a  photoelectron  kinetic  energy  of  -70  eV 
in  both  cases.  The  S-2s  singlet  appears  on  the  low-binding- 
energy  side  of  the  Mo-3d  doublet.  Figs,  (a)  and  (f)  are  for 
the  clean  MoSoCOOOD-l  *.1  surface,  while  (b)  and  (g)  are  for 
a  Ne'*’  fluence  of  4  x  10'**  Ne'*'/cm^,  (c)  and  (h):  2  x  10*^  , 

Ne'*’/cm^,  (d)  and  (i):  1  x  10'®  Ne'''/cm^,  (e)  and  (J):  4  x  10'® 

Ne'*'/cm^.  Binding  energies  are  relative  to  E^.. 
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Table  I.  Binding  Energy  Shifts  (eV)  for  the  Mo-3d  and 

S-2p  Peaks  on  Ne'*‘-Bombarded  MoS2(0001)  Relative 
to  Those  for  the  Clean  Surface® 


Fluence 

Mo- 3d 

S-2d 

Gaussian 

Widths 

(Ne'*’/cin^) 

Mo(IV) 

Mo(0) 

(S-S)2- 

S{2-) 

"low-BE  S" 

Mo(IV) 

S(2-) 

X  10^^ 

-0.1 

-0.6 

•  • 

0.0 

0.37 

0.27 

2  X  10^5 

-0.1 

-0.7 

+  1.0 

0.0 

— 

0.46 

0.25 

1  X  10^^ 

0.0 

-0.7 

+  1.0 

+0.1 

— 

0.45 

0.40 

4  X  10^^ 

-0.3 

-0.8 

+1.2  to 
+0.5 

-0.2 

0.60 

0.49 

Anneal ing 

temoerature 

750  K 

+0.2 

-0.9 

— 

+0.2 

-0.3 

0.44 

0.32 

1000  K 

+0.2 

-0.9 

— 

+0.2 

-0.4 

0.42 

0.30 

Clean  MoS2(0001) 

0.33 

0.24 

^Uncertainty  in  binding  energy  changes  is  -0.1  eV. 


16 


B.  VARIATIOM  OF  THE  VALENCE  BAND  WITH  1-keV  Ne'*'  BOMBARDMENT 


Fig.  2  shows  the  valence  band  spectra  taken  with  a  photon  energy  of 
h\)  =  152  eV  for  a  clean  MoS2(0(X)1)  surface  and  after  bombardments  corre¬ 
sponding  to  two  different  fluences,  while  Fig.  3  was  produced  with  hv  = 
22M.7  eV  for  all  bombardment  fluences  used  in  this  study  and  for  the  two 
annealing  temperatures.  The  152-eV  valence  band  spectrum  for  the  clean 
surface  (Fig.  2a)  exhibits  structure  similar  to  that  for  spectra  taken  in 
other  studies  [20,21]  except  that  the  relative  heights  of  the  peaks  are 
different.  This  occurs  because  of  the  variation  in  their  relative  photo¬ 
electron  cross  sections  with  photon  energy.  Peaks  B-E  represent  a  mixture 
of  Mo-4d-  and  S-3p-like  states  in  the  valence  band,  peak  A  represents  a 
state  that  is  predominantly  Mo-4d  in  character  (known  as  the  "d^S"  state 
[21]),  and  peak  F  is  the  S-3s  peak.  The  two  peaks  visible  at  9.3  and 
10.5  eV  in  Fig.  2  represent  the  S-2p  core  level  doublet  produced  by  second- 
order  light  from  the  monochromator.  The  spectrum  for  the  224.7-eV  photon 
energy  (Fig.  3a)  also  has  peaks  A-F  in  the  same  positions  as  in  Fig.  2a. 

The  significance  of  the  224.7-eV  photon  energy  is  that  this  is  where  the 
Mo-3d  absorption  edge  appears,  resulting  in  resonance  effects  in  the 
valence  band  spectra  [22].  Briefly,  the  resonance  results  in  peak  A  being 
significantly  enhanced  as  compared  to  peak  B,  since  peak  B  has  less  Mo-4d 
character  than  peak  A  [21].  Peaks  C  and  D  are  also  enhanced,  but  to  a 
lesser  degree.  The  relative  enhancements  represent  correspondingly  larger 
amounts  of  No  "d”  character  in  these  peaks. 

For  the  off -resonance  spectra  (hv  =  152  eV),  bombardment  results  in 
the  area  under  the  valence  band  (peaks  A-E)  increasing  as  compared  to  the 
area  under  the  second-order  S-2p  doublet  (also  as  compared  to  the  S-3s  peak 
or  peak  F),  indicating  that  the  valence  band  has  increasingly  greater  Mo 
character  as  the  Ne"*"  fluence  increases.  Fig.  2b  represents  the  2  x  10^^ 
NeVcffl^  bombardment,  which  exhibits  broadening  due  to  the  production  of 
amorphous  material  in  the  surface  region,  but  shows  relative  peak  positions 
that  are  essentially  the  same  as  for  clean  MoS2(0001)  (Fig.  2a).  The  peak 
intensities  of  A,  C,  and  D  are  enhanced  somewhat  compared  to  peak  B  (as  in 
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INTENSITY  (arb.  units) 


20  15  10  5  0  -5  -10 

BINDING  ENERGY  (relative  to  Ej  in  eV) 


Fig.  2.  Valence  Band  Spectra  Taken  Using  a  Photon  Energy  of  152  eV 

for  (a)  the  Clean  MoS2(0001)-1  x  1  Surface,  and  for  Surfaces 
That  Had  Been  Bombarded  With  (b)  2  x  10^^  Ne'*’/cm^  and 
(c)  1  X  10'®  Ne'''/cm^.  Peak  A  represents  the  state, 

while  peaks  B-E  represent  a  mixture  of  Mo-4d-  and  S-3p-like 
states.  Peak  F  is  the  S-3s  peak.  The  two  peaks  visible  at 
9.3  and  10.5  eV  result  from  the  S-2p  core  level  doublet 
produced  by  second-order  light  from  the  monochromator. 
Binding  energies  are  relative  to  E^. 
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the  resonance  spectrum,  Fig.  3a),  which  shows  that  the  electronic  states 
involved  in  bonding  in  the  surface  region  have  increased  Mo  character. 

These  changes  are  only  partly  due  to  the  existence  of  the  dispersed  Mo(0), 
since  the  Mo(0)  comprises  only  -8^  of  the  total  Mo  (see  the  core  level 
spectra  in  Fig.  1)  in  the  surface  region  for  this  Ne'*’  fluence.  The  changes 
in  the  molecular  orbital  structure  of  M0S2  during  ion  bombardment  have  been 
discussed  in  Ref.  20. 

The  lack  of  shifting  of  peaks  A-E  after  bombardment  at  these  rela¬ 
tively  low  fluences  confirms  that  no  significant  band-bending  is  occurring, 
in  agreement  with  the  lack  of  shifting  of  the  M0S2  peaks  in  the  Mo-3d  and 
S-2p  spectra.  If  band-bending  was  going  to  occur,  it  would  have  been 
complete  after  even  the  lowest  fluence,  since  a  relatively  low  density  of 
defects  can  pin  the  Fermi  level. 

The  valence  band  spectrum  for  the  1  x  10^^  Ne''‘/cm^  bombardment 
(Fig.  2c)  shows  further  broadening  due  to  the  presence  of  amorphous 
material  and  increased  relative  intensity  in  the  area  between  peaks  B  and 
C.  The  large  intensity  in  this  area  is  probably  due  to  the  existence  of 
Mo(0),  since  it  accounts  for  over  60%  of  the  total  Mo  for  this  Ne"^  fluence 
(see  section  3.1).  The  continued  existence  of  M0S2  is  shown  by  the  persis¬ 
tence  of  peaks  A  and  B.  The  shape  of  this  spectrum  is  not  consistent  with 
bulk  Mo  being  formed.  If  it  were,  the  spectrum  would  begin  showing  a 
maximum  -  2  eV  below  the  Fermi  level  [23],  rather  than  at  -M.5  eV,  as  in 
the  present  case. 

The  changes  in  the  valence  band  spectra  for  the  224.7-eV  photon  energy 
cannot  be  interpreted  as  simply  as  for  the  152 -eV  photon  energy,  since 
during  bombardment,  changes  in  the  chemical  state  and  structure  of  the 
surface  can  change  the  resonance  effects.  Therefore,  the  valence  band 
spectra  at  224.7-eV  photon  energy  are  more  sensitive  to  changes  in  chemical 
state  than  the  152-eV  spectra,  since  their  shape  is  dependent  on  changes  in 
resonance  conditions  in  addition  to  changes  in  the  valence  band  density  of 
states.  As  for  the  152-eV  spectra,  initial  bombardment  causes  no  large 
change  in  the  relative  peak  positions  in  the  spectra  (see  Fig.  3b).  The 
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spectrum  for  the  1  x  10^^  Ne'*‘/cm^  bombardment  (Fig.  3d)  shows  the  existence 
of  increased  intensity  centered  at  ~  4.5  eV,  and  coexistence  of  the  M0S2 
peaks,  similar  to  the  152-eV  spectrum  (Fig.  2c).  However,  in  the  spectrum 
for  the  4  x  10^^  Ne'^/cm^  bombardment  (see  Fig.  3e;  no  corresponding 
spectrum  for  152  eV),  there  is  no  prominent  evidence  corresponding  to  the 
existence  of  M0S2  (peaks  A  and  B  are  not  visible).  This  observation  agrees 
with  the  core  level  spectrum  (Fig.  1e),  which  shows  a  highly  broadened 
Mo(IV)  peak  corresponding  to  the  amorphous  MoS2_j{  region,  representing  only 
~2Q%  of  the  total  Mo.  The  spectrum  shows  two  broad  features,  at  -1.5  eV 
and  at  -4.5  eV.  The  peak  at  -1  eV  might  be  partially  due  to  some  of  the 
Mo(0)  that  heis  grown  into  large  enough  clusters  to  represent  "bulk"  Mo. 

In  the  valence  band  spectra  for  both  the  152-  and  224.7-eV  photon 
energies,  the  valence  band  maximum  moves  from  -1.0  eV  below  for  the 
clean  surface  (Figs.  2a  and  3a),  to  Ef  for  bombardment  fluences  greater 
than  -  1  X  10^^  Ne‘*‘/cm^  (Fig.  2c,  and  Figs.  3c,  3d  and  3e).  This  indicates 
that  a  metallic  surface  has  been  created  that  is  probably  caused  by  Mo(0) 
and  defects  in  the  M0S2. 

To  summarize  this  section,  valence  band  spectra  at-  and  off-  resonance 
(hv  =  224.7  eV  and  152  eV,  respectively)  are  consistent  with  the  core  level 
results.  Specifically,  Increased  Mo  character  is  seen  in  the  valence 
spectra,  due  at  low  bombardment  (-  4  x  10^^  and  -  2  x  10^^  Ne'*’/cm^)  to 
sulfur  vacancy  defects  in  the  M0S2,  and  at  higher  levels  (~  1  x  10^^ 
NeVcm^)  also  due  to  Mo(0)  clusters.  For  heavy  ion  fluences  (-  4  x  10^^ 
NeVcm^),  the  spectra  suggest  the  existence  of  a  metallic  surface 
consisting  of  Mo(0)  interdlspersed  with  an  amorphized  Ho-S  region. 

C.  EFFECT  OF  ANNEALING  ON  CORE  LEVELS 

A  sample  that  had  been  bombarded  with  4  x  10^^  Ne'^/cm^  was  annealed  to 
750  K  for  10  min.  There  was  no  evidence  of  a  LEED  pattern  after  cooling 
down.  This  result  indicates  that  the  size  of  any  crystalline  areas  of  M0S2 
present  after  annealing  was  considerably  less  than  the  coherence  length  of 
LEED  (~  IOOA  ).  The  Mo-3d  spectrum  (see  Fig.  4c)  shows  two  doublets  that 
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are  ~  1.1  eV  apart,  corresponding  with  the  shift  expected  between  M0S2  and 
metallic  Mo  [17].  Therefore,  the  Mo(0)  particles  have  grown  large  enough 
to  have  increased  ability  for  final-state  relaxation. 

The  S-2p  spectrum  for  the  750-K  anneal  (see  Fig.  4g)  deconvolutes 
clearly  into  two  doublets.  The  larger,  high-BE  species  is  shifted  -0.2  eV 
to  higher  BE  as  compared  to  S(2-)  in  M0S2,  while  the  smaller  low-BE  species 
indicates  the  presence  of  sulfur  with  an  oxidation  state  even  smaller 
(i.e.,  more  negative)  than  S  in  M0S2.  This  latter  species  will  be  shown 
below  to  represent  adsorbed  sulfur.  With  a  1000-K  anneal  for  10  min  for 
the  szune  sample,  the  Mo(IV)  doublet  increases  in  size  relative  to  the 
Mo(metal)  doublet  (see  Fig.  4d),  while  the  M0S2  S(2-)  doublet  increases 
relative  to  the  low-BE  S  doublet  (see  Fig.  4h).  Finally,  as  for  the  case 
of  the  750-K  anneal,  there  was  no  evidence  of  crystallinity  observed  by 
LEED. 

Comparison  of  the  data  for  the  annealed  samples  to  those  for  the 
unannealed  samples  shows  a  decrease  in  the  number  of  S  species  (i.e.,  less 
oxidation  states),  a  large  increase  in  the  amount  of  reformed  M0S2,  an 
increase  in  the  separation  between  the  No(IV)  and  Mo(0)  species,  and  a  drop 
in  the  Gaussian  width  of  the  No(IV)  and  S(2-)  peaks  (see  Table  I).  These 
observations  suggest  that  annealing  caused  movement  of  the  system  toward 
thermodynamic  stability,  promoted  by  high  mobility  of  material  on  the 
surface.  However,  heating  to  these  temperatures  should  be  adequate  to 
reproduce  the  original  MoS2(0001)-1  x1  surface.  For  example,  another 
semiconductor,  GaAs,  melts  at  1511  K,  which  is  higher  than  the  melting 
point  of  M0S2,  1458  K,  but  the  crystallinity  of  its  surface  can  be 
regenerated  after  low-energy  ion  bombardment  for  an  anneal  of  only  800  K, 
which  is  200  K  below  the  highest  heat  treatment  in  the  present  study.  In 
the  present  study,  crystallinity  is  not  completely  restored  because  the 
anisotropic,  layered  crystal  structure  of  M0S2  results  in  its  Inability  to 
promote  mass  diffusion  perpendicular  to  the  basal  planes  in  the  crystal. 
Small  amounts  of  sulfur  (in  the  form  of  polysulfide  ion)  can  diffuse  in 
this  direction  within  the  damaged  layer  due  to  high  defect  levels. 
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.  Mo>3d  and  S-2p  Core  Level  Spectra  for  the  MoSp(OOOI) 

Surface  Representing  the  Effect  of  Annealing  the  Ne"^ 
Bombarded  Surface.  Spectra  were  taken  with  the  same 
photon  energies  as  for  Fig.  1.  Figs,  (a)  and  (e)  are 
for  the  clean  MoSpCOOOl)  -1  x  1  surface  (same  as  Figs.  1(a) 
and  (f)),  while  (5)  and  (f)  are  for  a  Ne'*’  fluence  of 
4  X  10^”  Ne'^/cra^  [same  as  Figs.  1(e)  and  (J)].  Figs,  (c) 
and  (g)  represent  a  sample  that  had  been  annealed  to  . 

-  750  K  for  10  min  after  having  been  subjected  to  4  x  10 
Ne‘*’/cm^,  while  (d)  and  (h)  are  for  the  same  sample 
annealed  to  -  1000  K  for  10  min.  Binding  energies  are 
relative  to  Ej.. 
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resulting  in  the  reformation  of  some  of  the  M0S2.  However,  most  of  the 
redistribution  results  from  high  mobility  of  species  parallel  to  the 
surface.  These  observations  suggest  that  producing  well-ordered  surfaces 
by  ion  bombardment  and  annealing  cycles,  a  coimonly  used  procedure  with 
other  materials,  may  not  be  possible  for  samples  with  highly  two- 
dimensional  crystal  structures  such  as  MoS2> 

The  behavior  of  the  valence  band  spectra  upon  annealing  is  consistent 
with  the  core  level  results.  Upon  annealing  to  750  K  (Fig.  3f),  the  M0S2 
peaks  partially  reappear.  For  the  1000-K  anneal  (Fig.  3g),  they  have 
approximately  the  same  relative  ratio  as  for  the  unbombarded  samples. 

Also,  their  BEs  are  shifted  -  0.2  eV  higher  as  compared  to  those  for  the 
unbombarded  surface,  as  are  the  corresponding  peaks  in  the  core  level 
spectra  (Figs.  4d  and  4h).  The  sharp  Fermi  edge  after  the  two  anneals  and 
the  shoulder  at  -  1.5  eV  are  caused  predominantly  by  the  presence  of 
metallic  Mo. 

To  summarize  this  section,  annealing  a  sample  that  had  been  bombarded 
with  4  X  10^^  Ne'*'/cm^  to  temperatures  up  to  1000  K  resulted  in  flow  of 
sulfur  to  the  surface  region  in  amounts  that  were  inadequate  to  completely 
regenerate  the  MoS2(0001)  -1  x  1  surface.  Core  and  valence  spectra,  along 
with  LEED,  indicate  that,  after  annealing,  the  surface  consists  of  M0S2  and 
metallic  Mo,  with  no  long  range  order,  i.e.,  a  disordered  surface. 

D.  VARIATION  OF  CHEMICAL  STATE  WITH  DEPTH 

As  mentioned  in  section  2,  the  Mo-3d  and  S-2p  core  level  spectra  were 
also  taken  for  electron  kinetic  energies  of  -  170  eV,  as  compared  to 
-  70  eV  for  the  spectra  in  Figs.  1  and  4.  The  resultant  spectra  were  very 
similar  to  those  in  Figs.  1  and  4,  except  for  differences  in  the  relative 
heights  of  the  various  species  in  a  spectrum  (discussed  below),  and  in 
Gaussian  widths  that  were  -  0.1  eV  larger  due  to  the  change  in  the 
radiation  line  width  from  the  monochromator,  and,  therefore,  are  not 
reproduced  here. 

Fig.  5  shows  Mo(0):Mo(IV)  peak  area  ratios  for  both  the  70-  and  170-eV 
electron  kinetic  energies.  The  Mo(0)  species  increases  relative  to  the 
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Fig.  5.  Ratios  of  the  Mo-3d  Mo(0)  Peak  Area  to  the  Mo(IV)  Peak 
Area  for  Various  Ion  Fluences  and  Annealing  Conditions. 
The  ratios  were  determined  for  Mo-3d  core  levels  taken 
at  300  and  400  eV,  resulting  in  photoelectron  kinetic 
energies  of  -70  and  -170  eV,  respectively.  Also  shown 
is  the  "70-eV/170  eV  ratio",  resulting  in  a  qualitative 
depth  profile  of  the  variation  of  the  relative  ratio  of 
these  species  in  the  surface  region.  Uncertainties  in 
the  70-eV/170-eV  ratio  are  smaller  than  the  size  of  the 
symbols  except  where  Indicated  by  an  error  bar.  Lines 
between  points  are  drawn  solely  as  an  aid  to  the  eye,  and 
do  not  suggest  linear  variations  of  the  ratios  with  ion 
fluence.  (Data  for  the  4  x  10'"  Ne'*’/cm^  fluence  are  not 
presented  because  of  the  inability  to  resolve  the  Mo(0} 
peak  in  the  170-eV  spectrum.) 
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Mo(IV)  species  as  fluence  increases,  as  discussed  in  section  3.1.  Fig.  5 
also  shows  the  ratio  of  these  two  ratios  (i.e.,  the  70-eV  Mo(0);Mo(IV) 
ratio  divided  by  the  170-eV  Mo(0):Mo(IV)  ratio;  denoted  the  "70-eV/170-eV 
ratio”).  This  quantity  gives  a  qualitative  measure  of  the  depth  distribu¬ 
tion  of  the  relative  amounts  of  Mo  species  in  the  first  -10  A  of  the 
surface.  A  ratio  greater  than  1  indicates  enhancement  of  the  Mo(0)  species 
at  the  surface,  while  a  ratio  less  than  1  indicates  that  Mo(0)  is  enhanced 
below  the  surface.  Of  course,  the  exact  distribution  as  a  function  of 
depth  cannot  be  mapped  out  and  the  distribution  cannot  be  qualitatively 
determined  for  depths  greater  than  ~  10  A  for  the  electron  kinetic  energies 
in  the  present  study.  (The  error  bars  for  Figs.  5-7  are  determined  from 
the  estimated  uncertainty  in  the  area  of  the  peaks  from  the  fitting 
procedure. ) 

Fig.  5  shows  that  with  low  bombardment  levels  (<  2  xIO^^  Ne'*’/cm^),  the 
Mo(0)  is  significantly  enhanced  below  the  surface.  [This  might  explain  the 
apparent  drop  in  the  Mo(0):Mo(IV)  ratio  between  Figs.  1b  and  1c.  The 
reduced  intensity  might  be  due  to  the  species  being  present  below  the 
detection  depth  of  the  technique  rather  than  due  to  an  actual  decrease  in 
the  total  Mo(0)  present.]  With  1  x  10^^  Ne'*'/cm^,  the  Mo(0)  is  somewhat 
evenly  distributed,  while  for  4  x  10^^  Ne'*’/cm^,  the  Mo(0)  is  enhanced  in 
the  first  few  angstroms  at  the  surface.  The  initial  enhancement  of  the 
Mo(0)  below  the  surface  may  be  interpreted  in  terms  of  implantation  of  Mo 
atoms  into  the  crystal  during  ion  bombardment.  This  process  can  occur 
because  the  first-layer  S  atoms  do  not  shadow  the  second-layer  Mo  atoms 
from  the  ions  hitting  the  surface  at  the  ion  incidence  angle  of  the  present 
study . 

The  70-eV/170-eV  ratio  for  the  annealed  surface  in  Fig.  5  is  1.0  to  a 
high  precision  for  the  anneals  to  both  750  K  and  1000  K.  This  could  either 
suggest  the  existence  of  unconnected  Mo  metal  islands  that  were  thicker 
than  approximately  twice  the  electron  escape  depth  that  formed  on  top  of 
the  disordered  M0S2  layer,  or  that  M0S2  and  Mo  metal  coexist  side-by-side 
on  the  surface.  Of  these  two  possibilities,  the  latter  seems  more  probable. 
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since  it  is  unlikely  that  there  would  be  enough  metallic  Mo  produced  by  ion 
bombardment  and  annealing  that  would  form  islands  thicker  than  twice  the 
escape  depth  and  still  cover  enough  of  the  surface  to  produce  the  large 
peaks  in  Figs.  4c  and  4d. 

Fig.  6  shows  the  polysulfide-S:  M0S2-S  peak-area  ratios  for  both  the 
70-and  170-eV  electron  kinetic  energies.  Similar  to  Fig.  5,  the  ratio 
becomes  increasingly  greater  for  fluences  of  2  x  10^^  to  4  x  10^^  Ne‘*‘/cm^. 
The  70-eV/170-eV  ratio  suggests  that  for  the  2  x  10^^  and  1  x  10^^  Ne'*'/cm^ 
bombardments,  the  polysulfide  species  is  enhanced  below  the  top  few 
angstroms  at  the  surface,  while  for  the  4  x  10^^  Ne'*‘/cm^  bombardment,  the 
polysulfide  is  spread  fairly  evenly  through  the  top  ~  10  A  of  the  surface 
region . 

The  enhancement  of  polysulfide  below  the  surface  indicates  that  even 
though  it  may  initially  be  distributed  fairly  evenly  in  the  top  10  A  or 
so,  the  polysulfide  on  the  surface  was  emitted/sputtered  into  the  vacuum 
during  the  collision  cascade.  This  observation  may  explain  the  preferential 
sputtering  of  sulfur  over  molybdenum  during  ion  bombardment  [1,2, 4,5]. 

This  supports  a  recent  interpretation  of  preferential  sputtering  by  Kelly 
[24],  in  which  it  was  suggested  that  the  species  that  are  preferentially 
sputtered  are  the  least  chemically  bound  in  the  surface  region.  The 
polysulfide  species  are  certainly  bound  less  than  metallic  Mo  or  either  the 
Mo  or  S  in  M0S2  because  less  bonds  to  Mo  are  involved  per  S  atom.  This 
emission  of  sulfur  could  be  driven  by  the  high  volatility  of  sulfur  in  the 
form  of  $2,  which  could  be  formed  easily  from  the  (S-S)^". 

Fig.  7  shows  the  ratio  of  the  low-BE  S  peak  to  the  S{2-)  peak  for  the 
two  anneals.  The  70-eV/170-eV  ratio  shows  that  the  low-BE  S  species  is 
greatly  enhanced  at  the  top  few  angstroms  at  the  surface.  These  species 
are  probably  adsorbed  S  species  on  the  surface.  Since  M0S2  does  not  adsorb 
species  readily,  especially  at  these  annealing  temperatures,  this  species 
is  probably  chemisorbed  on  the  surface  of  the  metallic  Mo. 
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Fig.  6.  Ratios  of  the  "Polysulfide"  Peak  Area  to  the  MoSp 
Sulfide  Peak  Area.  The  ratios  were  determined  for 
S-2p  core  levels  taken  at  230  and  300  eV,  resulting 
in  photoelectron  kinetic  energies  of  -70  and  -170  eV 
respectively.  Also  shown  is  the  ratio  of  the  -70-eV 
ratio  to  the  -170-eV  ratio  (see  caption  for  Fig.  5). 


ANNEAL  TEMPERATURE 


Fig.  7.  Ratios  of  the  Low-Binding-Energy  S  Peak  Area  to  the 
MoSp  Sulfide  Peak  Area  for  the  Bombarded,  Annealed 
Surface.  Also  shown  is  the  ratio  of  the  -70-eV 
ratio  to  the  '170-eV  ratio  (see  caption  for  Fig.  5). 
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In  the  work  by  Gellman,  et  al.  [25],  XPS  was  used  to  study  the 
interaction  of  S  adsorbed  on  a  Mo{100)  surface.  They  found  an  ''S-2p'' 
binding  energy  of  162.3  eV.  Their  study  did  not  permit  resolution  of  the 
1/2  and  3/2  components,  so  their  BE  value  corresponds  to  a  weighted  aver2ige 
of  the  positions  of  those  two  peaks.  We  computer-generated  an  S-2p 
spectrum  with  the  approximate  resolution  of  the  study  in  Ref.  24.  We 
calculated  that  the  difference  between  the  position  of  the  peak  maximum  for 
the  generated  spectrum  and  the  calculated  value  of  the  position  of  the  3/2 
component  was  0.4  eV.  Therefore,  the  value  for  the  S-2p2/2  for 
adsorbed  S  on  Mo(IOO)  is  probably  -161.9  eV.  The  expected  binding  energy 
for  the  S-2p^^2  162.3  eV  [28],  so  that  there  is  a  shift  to 

lower  BE  (-0.4  eV)  for  adsorbed  S  on  Mo(IOO).  This  shift  is  approximately 
the  same  as  for  the  low-BE  S  species  in  the  present  study  (-0.5  eV), 
consistent  with  its  assignment  as  adsorbed  S. 

To  summarize  this  section,  core  level  spectra  of  Mo  and  S  taken  for 
two  electron  kinetic  energies,  70  and  170  eV,  give  qualitative  depth 
distributions  that  can  be  used  to  suggest  IB  mechanisms.  Initial  bombard¬ 
ment  (l.e.,  <1  xIO^^  Ne'*‘/cm^)  causes  enhancement  of  Mo(0)  and  (S-S)^" 
(polysulfide  ion)  below  the  surface.  These  effects  are  probably  caused  by 
implantation  of  Ho  into  the  lattice  producing  the  poly sulfide,  followed  by 
emission  of  the  polysulfide  on  the  surface  into  the  vacuum,  and  resulting 
in  preferential  sputtering  of  S  over  Mo  at  high  fluences.  Heavier  bombard- 
ment  (i.e.,  >1  x  10'°  NeVcm*^)  results  in  these  species  being  present  in 
(relatively)  greater  amounts  at  the  surface.  Annealing  a  sample  that  had 
been  bombarded  with  4  x  10^^  Ne'*'/cm^  showed  that  reformed  M0S2  clusters  and 
metallic  No  clusters  coexisted  on  the  surface.  A  low-BE  sulfur  species  is 
enhanced  at  the  surface,  indicating  the  presence  of  an  adsorbed  sulfur 
species  on  the  surface  of  the  metallic  Mo. 


30 


IV.  SUM4ARY  AND  CONCLUSICMS 


Exposure  of  the  clean  MoS2(0001)-1  x  1  surface  to  1-keV  Ne'*’  ions  was 
studied  with  hlgh-resolutlon  photoelectron  spectroscopy  using  synchrotron 
radiation.  Analysis  of  Mo-3d  and  S-2p  core  levels  showed  that  bombardment 
of  the  surface  with  <  1  x  10^^  Ne'*'/cm^  resulted  in  production  of  Mo  with  a 
nominal  oxidation  state  of  zero  that  is  dispersed  in  the  MoS2»  and  smaller 
amounts  of  a  polysulfide  species  {(S-S)^").  For  Ne'*’  fluences  of  -4  x  10^^ 
Ne‘*‘/cm^,  the  surface  region  consisted  mostly  of  the  Ho(0)  and  small  amounts 
of  the  (S-S)^~  species,  while  the  remaining  Mo-S  layer  was  highly  amorphous 
and  exhibited  considerable  S  depletion  as  ccxspared  to  H0S2.  Analysis  of 
these  core  levels  recorded  with  two  different  photoelectron  kinetic 
energies  showed  that  relative  concentrations  of  the  Mo(0}  and  polysulfide 
species  were  lower  in  the  top  few  angstroms  as  compared  to  deeper  layers 
for  lower  fluences,  while,  for  the  highest  fluence,  they  were  spread  evenly 
throughout  the  top  10  A  in  the  surface  region.  The  results  suggest  a 
chemical  sputtering  mechanism,  supporting  a  recent  theory  on  preferential 
sputtering  by  Kelly  [24]. 

Valence  band  spectra  taken  for  the  same  conditions  agreed  with  the 
conclusions  of  the  core  level  data.  The  movement  of  the  valence  band 
maximum  toward  the  Fermi  level  suggests  the  production  of  a  metal  surface, 
even  at  lower  ion  fluences. 

Annealing  of  the  heavily  Ixxnbarded  (l.e.,  -  4  x  10^^  Ne'''/cm^)  surface 
to  750  K  followed  by  1000  K  did  not  result  in  the  regeneration  of  an 
ordered  MoS2(0001)-1  x  1  surface  as  determined  by  LEED.  Analysis  of  the 
core  and  valence  spectra  evinces  the  coexistence  of  M0S2  and  Mo  metal  in  a 
disordered  surface  region,  with  S  adsorbed  on  the  surface  of  the  Mo  metal. 
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LABORATORY  OPERATIONS 


* 


The  Aeroepace  Corporation  functiona  aa  an  "architect-engineer'*  for 
national  aecurity  projecta,  apeclalialng  in  advanced  allitary  apace  ayateaa. 
Providing  reaearch  aupport,  the  corporation' a  Laboratory  Operatlona  conducts 
ezperlaental  and  theoretical  Inveatigations  that  focus  on  the  application  of 
scientific  and  technical  advances  to  such  systeas.  Vital  to  the  success  of 
these  Investigations  la  the  technical  staff's  wide-ranging  expertise  and  Its 
ability  to  stay  current  with  new  developaents.  This  expertise  Is  enhanced  by 
a  research  prograa  aimed  at  dealing  with  the  aany  probleas  associated  with 
rapidly  evolving  space  aysteaa.  Contributing  their  capabilities  to  the 
reaearch  effort  are  these  individual  laboratories: 

Aerophyslcs  Laboratory:  Launch  vehicle  and  reentry  fluid  aechanlcs,  heat 
transfer  and  flight  dynaaica;  chealcal  and  electric  propulsion,  propellant 
Cheaistry,  chemical  dynaaica,  environaental  cheaistry,  trace  detection; 
spacecraft  structural  aechanlcs,  contaalnation,  theraal  and  structural 
control;  high  temperature  theraoaechanlcs ,  gas  kinetics  and  radiation;  cw  and 
pulsed  chealcal  and  exclmer  laser  development  Including  chealcal  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  ataospherlc  propagation,  laser 
effects  and  counteraeasures. 

Cheaistry  and  Physics  Laboratory;  Ataospherlc  chealcal  reactions, 
ataospherlc  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  alssile  plumes,  sensor  out-of-field-of-vlew  rejection, 
*  applied  laser  spectroscopy,  laser  cheaistry,  laser  optoelectronics,  solar  cell 

physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
aaterlals,  lubrlcstimi  sod  surface  phenoaena,  thermionic  emission,  photo- 
sensitlvs  materials  and  detectors,  atomic  frequency  standards,  and 
environaental  cheaistry. 

Co^uter  Science  Laboratory;  Prograa  verification,  prograa  translation, 
perforaance-sensltlve  system  design,  distributed  architectures  for  spaceborne 
computers,  fault-tolerant  computer  systems,  artificial  Intelligence,  alcro- 
electronlcs  applications,  coaaunlcatlon  protocols,  and  co^>uter  security. 

Electronics  Research  Laboratory;  Microelectronics,  solid-state  device 
physics,  compound  semiconductors,  rsdistion  hardening;  electro-optics,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  seaiconductor  devices,  mlcrowave/ailllaeter  wave  measurements, 
diagnostics  and  radloaetry,  mlcrowave/ailllaeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systeas,  electromagnetic 
propagation  phenomena,  space  coaaunlcatlon  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polyaers  and  their  composites,  and  new  forms  of  carbon;  non¬ 
destructive  evaluation,  coaponent  failure  analysis  and  reliability;  fracture 
aechanlcs  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy-induced 
environments . 

Space  Sciences  Laboratory;  Magnetospherlc,  auroral  and  cosalc  ray 
physics,  wave-particle  Interactions,  magnetospherlc  plasma  waves;  atmospheric 
and  Ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  ataospherlc  radiation;  solar  physics.  Infrared  astronomy. 
Infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth’s  atmosphere.  Ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systeas;  space 
a  Instruaentatlon. 
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